I. INTRODUCTION
A honeycomb two dimensional lattice of monolayer carbon atoms, a new material called graphene, was discovered recently. 1, 2 Graphene consists of a single atomic layer of sp 2 hybridized carbon atoms that result in a hexagonal lattice. Around each carbon atom, three strong r bonds are established with the other three surrounding carbon atoms. 3 Research on graphene has opened a new era in nanotechnology. The outstanding mechanical, 4 electrical, 5 and physical properties 6 of graphene warrants its use in a variety of areas such as hydrogen technology, 7 electronics, 5 sensing, 8 and drug delivery, 9 ,10 among many others. The zero band gap of the graphene at point K renders the construction of graphene based field effect transistors very difficult. Therefore, several groups have proposed different methods to open a band gap in graphene. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Denis et al. 13 found that when graphene is doped with sulfur a band gap is opened depending on the sulfur content. It is found that graphene, which is more accessible to doping and chemical modification at the same time, is more susceptible to structural defects and impurities. Graphene is considered the most promising adsorbent for the adsorption of gases. [24] [25] [26] Hegde et al. 27 have used the firstprinciples density functional theory (DFT) to determine the chemical activity of carbon site of pristine graphene, StoneWales defect site, and BN-sites of BN-doped graphene towards adsorption of toxic gas H 2 S. Recently, DFT calculations were used to investigate the use of transition metal doped carbon nanotubes for chemical gas sensing in pure and modified carbon structures. 28 Castellanos et al. 29 and Zhang et al. 30 reported DFT studies of adsorption of H 2 S on top, bridge, and center sites of graphene. They found that the separation distance between H 2 S and graphene sheet is larger than 3.5 Å and H 2 S molecules are only physisorbed on graphene. They concluded that H 2 S cannot chemically modify the graphene structure and should therefore have little effects on graphene's density of states (DOS). This work motivated us to do more advanced work by changing the separation distance between S atom and the graphene sheet to produce efficient graphene based gas sensor. In the recent years, research has demonstrated that using carbon nanotubes and semiconductors nanowires results in a novel generation of gas sensors. [31] [32] [33] The high acclaim received by the latter materials is due to their exceptional sensitivity allowing the detection of toxic gases in concentrations as small as one part per billion. 34 Schedin et al. 33 reported the detection of individual gas molecules adsorbed on graphene. It is based on changes in the electrical conductivity due to gas molecules adsorbed on graphene that act as donors or acceptors. 31, 32, 34, 35 Since graphene is a 2D sheet, it is exposed to surface adsorbates. Also, because it is highly conductive it possesses a low Johnson noise even in the limit of no charge carriers. [36] [37] [38] [39] Since H 2 S is very malodorous and toxic, it is very important for many chemical applications. [40] [41] [42] It is reported that it has damaging effects on many industrial catalysts and is known to be the major source of acid rain when oxidized in the atmosphere. 43 Several industrial processes generate a huge amount of H 2 S, including natural gas processing, petroleum refining, coal gasification, biogas fermentation, and the activity of petrochemical plants, Kraft mills, and coke ovens. 43 During the process of the biogas fermentation, a huge amount of H 2 S is produced [44] [45] [46] because the biogas must be purified from H 2 S. Inhaled H 2 S is very harmful and can cause death depending on the concentration and the exposure duration. From the above, it is clear that the adsorption of H 2 S on graphene is a very important problem. In particular, it is worth exploring which atomic sites favor a good adsorption and the separation distance between H 2 S and graphene sheet. Thus, in this work we are interested in investigating the influence of adsorption of a single H 2 S molecule onto three different adsorption sites (bridge site in the middle of C-C bond, top site on the top of carbon atom, and hollow site at the center of carbon hexagon), on the electronic structure of pristine graphene sheet. Also, we investigate whether pristine graphene is a good adsorbent material for H 2 S molecule or not, in order to use it as a novel generation of small gas molecules sensors. The search for novel adsorbents of small gas molecules is a consequence to the humanity needs for clean environment. As the good sensor properties of graphene nanosheets are unknown till now, it would be worthwhile as a first step to investigate the adsorption of H 2 S on different sites of graphene, and to see if graphene nanosheets can be used as efficient sensing materials.
II. STRUCTURAL PROPERTIES AND COMPUTATIONAL DETAILS
To study the electronic structure of pristine graphene and the resulting structure of adsorbing a H 2 S molecule on pristine graphene at different sites, the all-electron full potential linearized augmented plane wave (FP-LAPW) method was used to solve the Kohn Sham DFT equations within the framework of the WIEN2k code, 47 with the exchange and correlation energy included through a general gradient approximation in PerdewBurke-Ernzerhof (GGA-PBE) format. 48 The structure is fully relaxed until the forces on the atoms reach values less than 1 mRy/a.u. Once the forces are minimized in this construction one can then find the self-consistent density at these positions by turning off the relaxations and driving the system to selfconsistency. From the obtained relaxed geometry, the electronic structure and the chemical bonding can be determined and various spectroscopic features can be simulated and compared with experimental data.
For the case of pristine graphene, we have studied three possible adsorption sites namely; bridge site in which H 2 S adsorbed in the middle of C-C bond with S-C separation distance 3.38 Å (Fig. 1(c) ), top site on the top of carbon atom with S-C separation distance 3.36 Å (Fig. 1(d) ), and the hollow site at the center of the carbon hexagon with S-C separation distance 3.34 Å (Fig. 1(e) ).
In order to achieve the self-consistency, the values of non-overlapping spheres of muffin-tin radius (R MT ) as 1.33 a.u. for C at pristine graphene (4 Â 4) sheet, 1.27, 1.55, and 0.83 a.u. for C, S, and H atoms, respectively, at top-, bridge-, and hollow-sites of adsorbed H 2 S onto graphene. These values were chosen in such a way that the spheres did not overlap. In order to achieve sufficient energy convergence, the wavefunctions in the interstitial regions were expanded in plane waves with a cutoff K max ¼ 7.0/R MT , where R MT denotes the smallest atomic sphere radius and K max gives the magnitude of the largest K vector in the plane wave basis expansion. The maximum value of l was taken as l max ¼ 10, while the charge density is Fourier expanded up to G max ¼ 20 (a.u.)
À1
. Self-consistency is obtained using 300 k-points in the irreducible Brillouin zone (IBZ). For calculating the total and the angular momentum decomposition of the atoms projected electronic density of states, a denser mesh of 800 k-points was used. The self-consistent calculations are considered to be converged when the total energy of the system is stable within 10 À5 Ry. The geometry of the atomic configurations of pristine graphene ( Fig. 1(a) ) and three possible adsorption sites of H 2 S single molecule onto pristine graphene: bridge site (Figs. 1(b) and 1(c)), top site (Figs. 1(b) and 1(d) ), and the hollow site (Figs. 1(b) and 1(e)) were used in this study. We should emphasize that the most stable adsorption configuration is the one with the lowest total energy and the highest adsorption energy among other adsorption sites. 49 Thus, the top site (total energy E TOT ¼ À3238.87878541 Ryd) is the most stable configuration in comparison to hollow (E TOT ¼ À3238.1058284 Ryd) and bridge (E TOT ¼ À3238.79501144 Ryd).
In Figs. 2(a)-2(d) , we have plotted the electronic band structure dispersion of the pristine graphene sheet and the three structures (top, bridge, and hollow) in k-space along the high symmetry directions in the irreducible Brillouin zone. Following these figures, one can notice that adsorbed H 2 S onto pristine graphene results in change of the electronic band structure. For example, adsorption of H 2 S onto bridge site causes a dramatic change of the band dispersions (Fig. 2(b) ) with respect to pristine graphene (Fig. 2(a) ) and opens a direct small energy gap of about 0.1 eV around Fermi energy (E F ) at M point of BZ. This is attributed to the fact that adsorbed H 2 S on bridge site causes strong hybridization between C-p and H-s, S-s/p states at the valence band maximum (VBM) and hence strong covalent bonds, while at the conduction band minimum (CBM) the hybridization is weaker and the bonds too. Also, the Coulomb interaction between H 2 S and the two C atoms is weak; the states around E F repel each others, causing to push the CBM towards higher energy with respect to E F opening a direct gap. While adsorbing H 2 S on the top site causes to push CBM further towards higher energies resulting in a direct energy band gap of about 0.3 eV around K point of BZ (Fig. 2(c) ). Adsorbing H 2 S on top site causes very strong hybridization between C-p and H-s, S-s/p states at the VBM resulting in very strong covalent bonds, while at the CBM the hybridization is much weaker which leads to weak bonds and very weak Coulomb interaction between H 2 S and the one C atom resulting in strong repulsion between the states around E F , thus causing to push the CBM further towards higher energy with respect to E F opening a slightly bigger direct gap. This reflects the low mobility of the holes. Our observation of opening a gap around E F when we adsorb H 2 S on the bridge and top site of pristine graphene is consistent with the previous observation of Denis et al. 13 They used DFT based SIESTA program within GGA-PBE and found that when graphene is doped with sulfur a band gap is opened depending on the sulfur content. 13 When H 2 S is adsorbed on the hollow site, we notice that both of the CBM and VBM move towards each other and overlap around E F . This strong overlapping around E F is due to the fact that in the hollow site the H 2 S single molecule is adsorbed onto six C atoms (see Fig. 1(e)) . Thus, the H 2 S molecule is strongly bonded to six C atoms by strong covalent bonds with equal bond lengths and angles, as there is a strong hybridizations between C-p state and S-s/p and H-s states. Also, this strong overlapping around E F could be attributed to the strong Coulomb interactions between the single H 2 S molecule and the six C atoms resulting in strongly overlap of C-s/p, S-s/p, and H-s states around E F .
From the total and partial density of states (TDOS and PDOS) of pristine graphene sheet (Figs. 3(a) and 3(b) ), it is clear that there is a strong hybridization between C-s and C-p states at the energy region between À9.5 and À8.5 eV, 8.0 eV, and 12.0 eV. The interaction due to the strong hybridization and the covalent bond is defined by the degree of hybridization. Hence, there is a strong covalent bonding between the atoms which exhibit strong hybridization.
Figs. 3(c)-3(k) show the TDOS and PDOS of bridge, top, and hollow site configuration. We should emphasize that adsorbing H 2 S onto pristine graphene sheet at three different sites (bridge, top, and hollow) causes a strong hybridization between S-s/p states of H 2 S molecule and C-s/p states of the graphene sheet, and hence strong covalent bonds. The TDOS and PDOS of hollow site-configuration suggested that this configuration is metallic, with S-s/p, H-s, and C-p states overlapping around E F . The DOS at Fermi energy (E F ) is determined by the overlap between the valence and conduction bands. This overlap is strong enough indicating metallic origin with a certain value of DOS at E F , N(E F ). The density of states at E F , N(E F ) ¼ 94.29 states/Ry cell. The electronic specific heat coefficient ðcÞ, which is function of density of states, can be calculated using the expression here NðE F Þ is the density of states at Fermi energy, and k B is the Boltzmann constant. The calculated density of states at Fermi energy NðE F Þ enables us to calculate the bare electronic specific heat coefficient. The calculated bare electronic specific heat coefficient is found to be 16.34 mJ/mole K 2 for hollow site configuration. We can list the main features of pristine graphene and the three resulting structures in Table I .
From the PDOS-VB, one can elucidate the origin of chemical bonding following the same method we used in our previous work. 50 One should emphasize that the PDOS-VB located between À10.0 eV and E F is larger for C-s states (0.3 e=eV) and C-p states (0.02 e=eV) for pristine graphene. C-s states (0.3 e=eV), C-p (0.02 e=eV), S-p states (0.7 e=eV), and H-s states (0.18 e=eV) for the bridge configuration, while for top configuration are C-s states (0.3 e=eV), C-p (0.02 e=eV), S-p states (0.7 e=eV), and H-s states (0.3 e=eV). Finally, for hollow configuration, these numbers are C-s states (0.28 e=eV), C-p (0.05 e=eV), S-p states (0.5 e=eV), and H-s states (0.2 e=eV). Therefore, some electrons from C, H, and S atoms are transferred into valence bands and contribute in covalence interactions. The interaction due to the strong hybridization and the covalent bonds is defined by the degree of hybridization. Hence, there is a strong covalent bonding between the atoms which exhibit strong hybridization. The PDOS help to analyze the nature of the bonds according to a classical chemical concept. This concept is very useful to classify compounds into different categories with respect to different chemical and physical properties.
To support this statement, we have taken a more careful look at the bonding situation since the existence of real hybridization between states of atoms should lead to covalent bond's origin between these atoms.
The electronic charge density distribution of pristine graphene sheet and the three configurations (bridge, top, and hollow) has been calculated and shown in Figs. 4(a)-4(d) . Fig. 4(a) shows the electron charge density distribution of pristine graphene, one can see that the charge accumulates around C atoms along the bonds and the charge around C atoms is uniformly distributed. This can be seen easily by color charge density scale where blue color (þ1.00) corresponds to the maximum charge accumulation site. Also, one can see that there is a strong covalent bonding between the C atoms. The length of the bond is 1.420 Å and the angle between the C atoms is 120
. We should emphasize that in the centre of the honeycomb the charge is zero as can be seen by red color (þ0.00), which corresponds to the minimum charge accumulation site.
Figs. 4(b)-4(d) show the electron charge density distribution of bridge, top, and hollow configurations. According to the electronegativity values of C (2.55), S (2.58), and H (2.1), it is clear that there is a strong covalent bonding between C-C atoms and maximum charge accumulates around C atoms along the bonds indicated by blue color (þ1.00), the charge around C atoms is uniformly distributed. Also, there is strong charge accumulated around H atoms, blue color (þ1.00). There is partial ionic and strong covalent bond between H and S. The density of the charge accumulation around S atoms is less than around C and H atoms according to color charge density scale color (green color corresponds to charge þ0.400).
B. Electron effective mass
Electron effective mass for pristine graphene at K point of BZ, bridge at M point of BZ, and top at K point of BZ, respectively, is obtained from the curvature of the conduction band minimum. To illustrate how the pristine graphene, bridge, and top transition alters the electronic band structure of the host materials, we have enlarged the band structures of pristine graphene, bridge, and top as illustrated in Fig. 2 . The electron effective mass has been determined from fitting the electronic band structure to a parabolic function for the six directions in the first Brillouin zone using GGA approaches. The diagonal elements of the effective mass tensor, m e , for the electrons in the conduction band are calculated around K point in k space using the expression
The values of calculated electron effective mass ratio for pristine graphene at K point of BZ, bridge at M point of BZ, and top at K point of BZ are 0.0025, 0.0047, and 0.0051, respectively. The electron mobility characterizes how quickly an electron can move through a metal or semiconductor. The electron effective mass values are maximum in the top configuration than the other two configurations. Also, we have calculated the effective mass ratio of the heavy holes (light holes) for pristine graphene at K point of BZ, bridge at M point of BZ, and top and K point of BZ, these values are 0.0019 (0.0031), 0.0050 (0.0019), and 0.0079 (0.0068).
IV. CONCLUSIONS
DFT calculations based on all-electron FP-LAPW method were performed to investigate the electronic structure of pristine graphene and three different adsorption sites of H 2 S onto graphene. In order to understand the adsorption properties of H 2 S molecule adsorbed onto graphene, three possible adsorption configurations (top, bridge, and hollow) were considered with S-C separation distance varying between 3.38 and 3.34 Å . Calculations show that the adsorption of H 2 S on bridge and top sites opens very small direct energy gap, whereas adsorbing H 2 S on hollow site cause to close the gap resulting in metallic behavior. The angular momentum decomposition of the atoms projected electronic density of states of pristine graphene and of H 2 S-pristine graphene for three different sites (top, bridge, and hollow) confirms that there is a strong hybridization between H 2 S molecule and graphene sheet. We should emphasize that the strong hybridization between H 2 S molecule and pristine graphene sheet results in dramatic changes in the electronic properties. Therefore, the interaction of H 2 S with graphene shows very strong physical adsorption and hence different physical properties. Thus, pristine graphene is very good adsorbent materials for H 2 S molecule. In summary, the pristine graphene sheet is a zero gap semiconductor, while when a single H 2 S molecule adsorb onto pristine graphene, we find that the bridge and top become direct gap semiconductors (0.1 and 0.3 eV), whereas the hollow case is metallic, where S-s/p, H-s, and C-p states control the overlapping around E F . The DOS at E F is determined by the overlap between the valence and conduction bands. This overlap is strong enough indicating metallic origin with certain value of DOS at E F , N(E F ) ¼ 94.29 states/Ry cell, for hollow site configuration. The electronic specific heat coefficient ðcÞ, which is function of DOS, can be obtained from N(E F ). Thus, the calculated bare electronic specific heat coefficient is found to be 16.34 mJ/mole K 2 for hollow.
Adsorbing a single molecule of H 2 S onto pristine graphene at the hollow sites causes change to pristine graphene from zero-gap semiconductor to metallic with two bands cuts Fermi level. Therefore, we have calculated the Fermi surface of the new configuration. Fermi surface topology is due to changes in inter-atomic distances, bonding angles as well as to the degree of band filling.
